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Metformin produces anxiolytic-like effects in
rats by facilitating GABA, receptor trafficking
to membrane
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BACKGROUND AND PURPOSE

Altered function or expression of GABA4 receptors contributes to anxiety disorders. Benzodiazepines are widely prescribed for the
treatment of anxiety. However, the long-term use of benzodiazepines increases the risk of developing drug dependence and
tolerance. Thus, it is urgent to explore new therapeutic approaches. Metformin is widely used to treat Type 2 diabetes and other
metabolic syndromes. However, the role of metformin in psychiatric disorders, especially anxiety, remains largely unknown.

EXPERIMENTAL APPROACH

We examined the effects of metformin on anxiety-like behaviour of rats in open field test and elevated plus maze test. We also
observed the effect of metformin (10 uM, in vitro; 100 mg-kg”, in vivo) on the trafficking of GABA, receptors, as mechanisms
underlying the anxiolytic effects of metformin.

KEY RESULTS

Metformin (100 mg-kg ™', i.p. 30 min) displayed a robust and rapid anxiolytic effect, without tolerance. Metformin up-regulated
the surface expression of GABA, receptors and increased miniature inhibitory postsynaptic currents (mIPSCs). AMP-activated
protein kinase (AMPK) activated by metformin-induced stimulation of forkhead box O3a (FoxO3a) transcriptional activity,
followed by increased expression of GABA, receptor-associated protein (GABARAP) and its binding to GABA, receptors finally
resulted in the membrane insertion of GABA, receptors.

CONCLUSIONS AND IMPLICATIONS
Metforminincreased mIPSCs by up-regulating the membrane insertion of GABA4 receptors, viaa pathway involving AMPK, FoxO3a,
and the GABA, receptor-associated protein. Thus metformin has a potential new use in the treatment of anxiety disorders.

Abbreviations

AMPK, AMP-activated protein kinase; ChIP, chromatin immunoprecipitation; CS, conditioned stimulus; EPM, elevated
plus maze test; FoxO3a, forkhead box O3a; GABARAP, GABA, receptor-associated protein; mIPSCs, miniature inhibitory
postsynaptic currents; OFT, open field test; ShiRNA AMPKas,, short hairpin RNA AMPKa,; shRNA-FoxO3a, short hairpin RNA
FoxO3a; US, unconditioned stimulus
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Introduction

Anxiety disorders are among the most common psychiatric
conditions and affect millions of people of different ages,
races, religions and incomes. However, the molecular basis
for the development of the disorders remains largely un-
known (Liu et al., 2007; Tasan et al., 2011). Increasing evi-
dence implicates that reduced brain concentrations of the
inhibitory neurotransmitter GABA and altered function or
reduced expression of its principal receptor, the GABA, re-
ceptor, contribute to anxiety disorders (Luscher et al.,
2011a; Smith and Rudolph, 2012). Benzodiazepines and
other drugs that bind to and modulate the activity of GABA,
receptors are the most commonly used drugs for acute
anxiolysis. However, the long-term use of benzodiazepines
increases the risk of developing drug dependence and toler-
ance (Buller and Legrand, 2001; Jacob et al., 2012). There-
fore, the medical need for treatments of greater efficacy
and decreased tolerance remains high. The accumulation
of GABA, receptors on the neuronal membrane is a critical
factor in determining synaptic inhibition (Luscher et al.,
2011a). However, few pharmacological approaches that seek
to modulate the trafficking of GABA, receptors to the
plasma membrane have been investigated and employed in
the treatment of anxiety.

The GABA, receptor-associated protein (GABARAP)
represents the first isolated protein interacting with GABA,
receptors and, accordingly, has received considerable atten-
tion (Everitt et al., 2004; Chen et al., 2005). Endogenous
GABARAP contributes to the regulation of GABA, receptor
trafficking (Leil et al., 2004). Increasing evidence suggests
that the forkhead transcription factor 3 (FoxO3a) directly
binds to the promoter region and induces the expression
of many autophagy-related genes, including GABARAP
(Mammucari et al., 2007). In a variety of analysed cells and
tissues, the AMP-activated protein kinase (AMPK)-FoxO3a
axis plays a central role as a modulator of fundamental pro-
cesses such as stress resistance, autophagy and antitumour
therapy (Greer et al., 2007; Chiacchiera and Simone, 2010;
Sato et al., 2012). However, few reports of this axis have
focused on the CNS.

Metformin, which is widely used to treat Type 2 diabetes
and other metabolic syndromes, exerts potent antihy-
perglycaemic activity by increasing glucose uptake and de-
creasing hepatic gluconeogenesis (Zhou et al., 2001). Recent
studies have shown that metformin has various biological
functions other than its antidiabetic effects, partly through
activation of the AMPK signalling pathway (Gantois et al.,
2017; Tunc-Ozcan et al., 2017). Intriguingly, in endothelial
cells, metformin reduces the levels of intracellular ROS via
the AMPK-FoxO3a pathway (Hou et al., 2010). Other results
have shown that a large proportion of diabetic patients
also display symptoms of anxiety (22-48%), which may af-
fect the quality of life in diabetic patients (Edwards and
Mezuk, 2012; Lewko et al.,, 2012; Tovilla-Zarate et al.,
2012). Recent studies have reported that metformin im-
proves anxiety-like behaviours secondary to nicotine with-
drawal (Brynildsen et al., 2018), transient forebrain
ischaemia and diabetes (Sarkaki et al., 2015). However, the
effect of metformin on psychiatric disorders, especially
anxiety, is poorly understood.
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Although there are many brain regions involved in the
modulation of anxiety, such as the amygdala, pre-frontal cor-
tex and hippocampus, several lines of evidence indicate that
the hippocampal CA1 region is critical for pathogenesis of
anxiety-related behaviour in the rodent model (Adams and
van den Buuse, 2011; Modol et al., 2011; Kim et al., 2012;
Zarrindast et al., 2012; Wells et al., 2013; Naseri et al., 2014;
Jimenez et al., 2018). Because metformin by activating AMPK,
can regulate the AMPK-FoxO3a signalling pathway, leading
to the activation of GABARAP transcription, we investigated
whether metformin can regulate the membrane trafficking
of GABA, receptors and thus have potential therapeutic value
for anxiety, apart from its antidiabetic effects. To address this
issue, we assessed the role of metformin in the membrane
trafficking of GABA, receptors, by activation of the AMPK-
FoxO3a-GABARAP signalling pathway, and in the conse-
quent therapeutic effects on the hippocampus-dependent
anxiety-like behaviours.

Methods

Animals

Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
All animal care and experimental procedures were in accor-
dance with the Declaration of Helsinki and with the Guide
for Care and Use of Laboratory Animals as adopted and pro-
mulgated by the National Institutes of Health and were ap-
proved by the Review Committee for the Use of Human or
Animal Subjects of Huazhong University of Science and Tech-
nology (HUST).

Male Sprague-Dawley rats (220-250 g) were obtained
from the Animal Center of Tongji Medical College of HUST
(Wuhan, Hubei, China). All the rats were housed in groups
of three per cage (width 26.3 cm; depth 42.6 cm; height
20.2 cm) with clean sawdust bedding and acclimatized for 1
week under standard conditions [12:12h light cycle; a con-
stant temperature (23 + 1°C) and relative humidity
(60 + 5%)] with food and water available ad libitum (unless
otherwise specified).

The rats were randomly assigned according to their body
weights; all experiments were carried out in a blinded man-
ner, compliant with Curtis et al., (2018). Six hundred adult
rats were used in this study, and 14 were lost during the exper-
iments (post-operative death and incorrect cannula place-
ment). The details of the numbers of rats used in in vivo
experiments are shown in Supporting Information Table S1.
The numbers (1) for each group used in in vitro study were
shown in Supporting Information Table S2.

Primary hippocampal neuron cultures

PO-P1 Sprague-Dawley rat pups (n = 450) of either sex were
obtained from the Animal Center of Tongji Medical College
of HUST (Wuhan, Hubei, China). The rat pups were decapi-
tated, the hippocampus was dissected from the brain and sub-
sequently digested in PBS containing 0.125% trypsin
(Amresco, OH, USA) at 37°C for 30 min. Tissues were me-
chanically triturated by repeated passages through a 5 mL pi-
pette. Cell debris was removed by passing cells through a
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nylon filter. The cell suspension was centrifuged at 300x g for
6 min at room temperature. After resuspension, dissociated
hippocampal neurons were plated on poly-L-lysine-coated
cover slips. Hippocampal neurons were kept in culture at
37°C and 5% CO,/95% air in DMEM/F12 medium
(Invitrogen, Carlsbad, CA, USA) with 5% FBS (Invitrogen)
for 24 h and subsequently maintained in Neurobasal medium
(Invitrogen) supplemented with 2% (v/v) B-27 (Invitrogen)
and 2 mM GlutaMAX (Invitrogen). All experiments were per-
formed on cultures from 10 to 14 days in vitro (DIV) and taken
from at least three independent cultures obtained from differ-
ent rats.

Drug treatment of neuronal cultures

Analyses of metformin concentrations in CAl region were
performed after rats were injected i.p. with the anxiolytic
dosage of metformin (100 mg-kg™"). Metformin (diluted
in PBS, Sigma-Aldrich, St. Louis, MO, USA) was applied at
a concentration of 10 pM in vitro experiment according to
the result of MS/LC-MS analysis. A cell-permeable TAT-
conjugated peptide was designed to disrupt GABARAP-
GABA, receptor binding. The peptide contained the
sequence RTGAWRHGRIHIRIAKMDGGGYGRKKRRQRRR.
The scrambled control peptide contained the sequence
HARHRGWHRIKIDIGRATGGGYGRKKRRQRRR  (Marsden
et al.,, 2007). The peptides were purchased from GL
Biochem (Shanghai, China, diluted in PBS) and applied at
a concentration of 10 uM for 30 min before metformin
treatment. The AMPK inhibitor, Compound C (Tocris,
Bristol, UK) was applied at 20 uM for 30 min before treat-
ment with metformin.

Drug treatment of rats in vivo

Metformin (50, 100, 200 mgkg™') was dissolved in 0.9%
NaCl, and diazepam (1 mg-kg ') was dissolved in DMSO
and then injected i.p. 30 min before the behavioural test.
The TAT-GABARAP inhibitory and scrambled peptides (as
mentioned above) were dissolved in 0.9% NaCl and infused
into the dorsal hippocampal CA1 region (30 pmol per side)
bilaterally through the injection cannula connected to a
10 pL Hamilton syringe 30 min before treatment with metfor-
min (100 mg-kg !, i.p.).

Gene silencing for cultured neurons

Hippocampal neuron cultures at DIV 8 were transfected with
a negative control short hairpin RNA (shRNA) or shRNAs
against AMPKa, or FoxO3a for 72 h according to the manu-
facturer’s specifications. Lentiviral vectors expressing the rat
AMPKao, subunit and the FoxO3a shRNA were constructed
by Genechem Co. Ltd. (Shanghai, China). The shRNA se-
quences targeting the rat AMPKo, sequence (GenBank
NM_023991) was designed as follows: 5-GCTGACTTCGG
ACTCTCTA-3'. The shRNA sequences that target the rat
FoxO3a sequence (GenBank NM_001106395) was designed
as follows: 5-GCCACAGCGATGTCATGAT-3'. The randomly
chosen nonsense sequence: 5-TTCTCCGAACGTGTCACGT-
3’ was used as a negative control. The sequences of all of the
constructs were confirmed by sequencing.
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Surgery and microinjections of drugs

Cannula  implantation into the CAI region. Male
Sprague-Dawley rats (220-250 g) were anaesthetized with
sodium pentobarbital (i.p., 50 mg-kg ') and then mounted
on a stereotaxic apparatus. The scalp was opened, the skull
exposed and washed with 75% ethanol and 1% H,O,. Then
a cannula made from 22 gauge stainless steel tubing (RWD
Life Science, Shenzhen, China) was bilaterally implanted
into the dorsal hippocampal CA1 region (—3.8 mm anterior
posterior, £3.0 mm medial lateral, —2.4 mm dorsal ventral
from dura). A dust cap was used to cover the external end of
the dummy cannula. The cannula was secured with dental
cement. After the incisions were sutured, the rats were
returned to their cages and allowed to recover for at least
7 days. All instruments were autoclaved, and the skin of the
animals was sterilized with alcohol and iodine to prevent
post-operative infection. After a recovery period of a week,
the dummy cannula was removed, and an injection cannula
protruding 1.0 mm beyond the tips of the guide cannula
was inserted into the brain. The intracerebral infusion was
performed through the injection cannula connected to a
10 pL Hamilton microsyringe. The TAT-GABARAP
inhibitory and scrambled peptides (as mentioned above)
were dissolved in 0.9% NaCl and infused into the dorsal
hippocampal CA1 region (30 pmol per side) bilaterally
60 min before the behavioural test.

For intra-hippocampal microinjection of shRNA. Briefly, rats
were anaesthetized and placed to the stereotactic apparatus,
and then the skull was exposed as described above. Rats
were randomly divided into three groups and microinjected
with saline (n = 38), shRNA-control (n = 26), shRNA-FoxO3a
(n = 20) or shRNA-AMPK (n = 16). A total volume of 4 pL
lentivirus-shRNA were delivered bilaterally into the CA1l
region at 0.5 pL-min~' by a glass capillary with tip
resistance of 5-10 MQ connected to a syringe pump in the
stereotaxic apparatus, followed by 10 min of rest to allow
diffusion. Behavioural testing commenced 2 weeks followed
virus injection, and saline and metformin (100 mg-kg ')
were injected i.p. 30 min before the behavioural test.

Behavioural tests

Open field test (OFT). The open field apparatus was consisted
of an opaque black acrylic sheet (1 m x 1 m x 0.3 m) and used
to assess locomotor and anxiety behaviours. The ground area
of the box was divided into the central area and the
surrounding border zone. After pretreatment (30 min) with
saline or metformin (100 mg~kg’1, i.p.), the rat was
randomly chosen and placed into the centre of the field and
left to explore for 10 min. Behaviour in the open field arena
was recorded using a CCD camera. Behavioural parameters
were recorded and analysed by a behavioural tracking
system (Anilab Software & Instruments, Ningbo, China).
Basal exploration activity was measured by the total
distance travelled (cm); anxiety-related behaviour was
assessed by the duration and the travelled distance in the
centre square. The surface of the open field arena was
cleaned with 70% ethyl alcohol (EtOH) after each trial to
remove permeated odours from previous animals. To select
the anxiolytic dose of metformin, rats (n = 38) were
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randomly divided into four groups: saline (n = 9), metformin
50 mg-kg ' (n = 9), metformin 100 mg-kg ' (n = 11) and
metformin 200 mg-kg ' (n = 9). Similarly, for diazepam, rats
(n = 18) were randomly assigned to three groups: saline
(n = 6), vehicle (n = 6) and diazepam 1 mg~kg71 (n=6). To
test for tolerance to diazepam, rats (n = 18) were randomly
assigned to the three groups described above.

Elevated plus maze test. The apparatus was constructed from
a black acrylic sheet. Four arms (50 cm long and 10 cm wide)
were connected and elevated to a height of 50 cm from the
floor. Two arms were open (open arms), and the other two
arms were enclosed within 40 cm walls. At the beginning of
each trial, a rat, pretreated (30 min) with metformin
(100 mg-kg ' i.p.) or saline, was placed into the intersection
of the four arms (centre area) facing an open arm. Behaviour
in elevated plus maze was recorded for 5 min using a CCD
camera. The behavioural parameters were recorded and
analysed by a behavioural tracking system (Anilab Software
& Instruments). Anxiety-related behaviour was deduced
from the time spent in the open arms and the number of
entries into the open arms. The surface of the elevated plus
maze was cleaned with 70% EtOH after each trial in order to
remove permeated odours from previous animals.

T-maze test. The rats were housed with restricted food, and
their body weights were limited to 85% of their initial value.
Before testing, rats were fed with food pellets in their home
cage. The tests were carried out in a wooden T-maze, which
was made up of a start stem (50 x 10 cm) and two goal arms
(40 x 10 cm), surrounded by a 30 cm high wall. A guillotine
door was mounted 20 cm from the stem. Guillotine doors
were also placed at the entrance of each arm. A food dish
was located at the end of each goal arm. The rats were
allowed to freely explore for 10 min and eat food pellets at
the maze for five successive days. Rats were trained to run
from the start stem to one of the goal arm to get a pellet (six
trials per day for S days). A testing trial contained a sample
run (i.e. rats were forced to enter one of the goal arms and
after consuming a pellet returned to the start stem) and a
choice run. On every choice run, a correct choice was
recorded when the rat entered the goal arm with pellet and
consuming the pellet, and an error choice was recorded
when rats did not enter the goal arm with the pellet. The
goal arm with a pellet was not alternated until the rat did
succeed. On the last day, the rats (n = 20, 10 rats per group)
were assigned to metformin (100 mg-kg™', i.p.) or saline.
After 30 min, the behavioural test was performed. A
percentage or proportion correct of choice per animal can
be calculated to assess spatial working memory.

Fear conditioning. Fear conditioning was assessed according
to previous protocols (Wang et al., 2011; Chen et al., 2016)
with some modification , using 10 rats in each group. Rats,
pretreated (30 min) with saline or metformin (100 mg-kg™",
i.p.) were allowed to adapt to their environment for 2 min
and then presented with four pairings of a tone for 29 s as
the conditioned stimulus (CS; 80 dB) that was matched with
a foot shock as the unconditioned stimulus (US; 0.75 mA,
1 s). The inter-trial interval was 30 s. Rats were left in the
conditioning chamber for 30 s after termination of the
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procedure and then returned to their home cage. To assess
hippocampus-dependent contextual fear memory, 24 h after
conditioning, rats were placed into the conditioning
chamber and observed for 3 min. One hour later, the
animals were assessed for amygdala dependent cued fear
conditioning in a novel test chamber with a parameter
consisting of four CS tones (30 s each with a 30 s intertrial
interval).

EEG celectrode placement and recording. Extradural EEG
electrodes were surgically implanted under pentobarbital
sodium anaesthesia as described (Chemali et al., 2012).
Briefly, rats were anaesthetized and placed in a stereotactic
frame. The skull was exposed and four small stainless steel
electrodes (diameter 0.6 mm) were positioned with their
tips just touching the dura mater at stereotactic coordinates:
(electrode 1) A (anterior) 6 (mm) L (lateral) 3 (mm),
(electrode 2) A6L-3, (electrode 3) AOLO, (electrode 4) A10L2
relative to the lambda. The electrodes, wired to a small
connector, were fixed with dental cement leaving access
only to the upper part of the connector, and the skin was
closed. Postoperative analgesia was provided, and animals
were allowed to rest for a minimum of 7 days to fully
recover. The EEG signal was recorded using a QP511 Quad
AC Amplifier System (Grass Instruments, West Warwick, RI,
USA) and a USB-6009 14-bit data acquisition board
(National Instruments, Austin, TX, USA). The sampling rate
was 500 Hz, and data were bandpass filtered between 0.3
and 50 Hz. A line filter was used to eliminate 60 Hz noise.
The record lasted at least 30 min as baseline for subsequent
experiments. Rats (n = 10, five rats per group) were
pretreated (30 min) with saline or metformin (100 mg-kg ",
i.p.). The EEG was recorded for 30 min after injection.

Blood glucose measurement. The rats were fasted for 12 h, and
the blood glucose levels were measured at 0.5, 1, 2 and 4 h
after treatment with saline or metformin (100 mg-kg ™', i.p.).
Blood was obtained via tail incision and measured using an
Advantage Accu-Chek glucometer (Boehringer Mannheim
Corp., Indianapolis, CA, USA). Rats (n = 62) were randomly
divided into saline and metformin groups respectively.

LC-MS/MS analysis for quantification of
metformin in rats

Rats (1 = 42) were randomly assigned to seven groups (six rats
per group), according to the sampling time and a single dose
of metformin (100 mg-kg™') was injected i.p.. Plasma, CSF
and hippocampus tissue samples were obtained at 0.25, 0.5,
0.75, 1, 2, 6 and 12 h after metformin injection. Briefly, rats
were anaesthetized and fixed in a stereotaxic frame after each
point of metformin administration; the needle was punc-
tured into the cisterna magna (depth: 7 mm) for CSF collec-
tion. The blunt end of the needle was connected to the
plastic collection syringe by PE-50 tubing. The samples of
transparent CSF (60-100 pL per rat) were stored at —80°C.
Blood samples (2 mL) and hippocampus tissue samples were
taken after decapitation and after CSF collection. The blood
sample was collected into plastic tubes moistened with hepa-
rin and centrifuged (2500x g, 4°C, 15 min) to obtain plasma.
Transparent plasma was transferred into new tubes and



immediately frozen at —80°C. Hippocampus tissue samples
were separated from brain, weighed, transferred into plastic
tubes and stored at —80°C. Plasma was diluted 10- or 100-
fold with deionized water, while CSF was diluted fivefold
with water. For brain tissue samples, approximately
100 mg of brain tissue was homogenized in three volumes
of water;To 100 pL of each resultant matrix of interest was
added 10 uL internal standard (IS, 40 ug-mL~' huperzine A
solution in methanol), followed by 300 pL of acetonitrile
for sample clean-up. The mixture was vortexed for 5 min
and centrifuged at 22136x g for 10 min. Supernatant
(10 pL) was applied for LC-MS/MS analysis on an Applied
Biosystem 4000 QTRAP triple quadrupole mass spectrometer
(Applied Biosystem/MDS Sciex, Foster City, CA, USA) coupled
with a Shimadzu Prominence UFLC system (Shimadzu
Corporation, Kyoto, Japan). Metformin was eluted through
a Waters UPLC C18 column (1.7 ym, 2.1 mm x 100 mm;
Waters Ltd. Corp., USA) using isocratic elution at a flow rate
of 0.3 mL-min ', with a mixture of acetonitrile and 10 mM
ammonium formate (60:40, v/v) as the mobile phase. The
column and autosampler temperatures were set at 40°C and
4°C respectively. The mass spectrometer equipped with an
electrospray ionization (ESI) source was operated in positive
ion multiple reaction monitoring mode through monitoring
the ion transitions of m/z 130.1 — 60.0 and m/z
136.1 — 60.0 for metformin and d¢-metformin (internal stan-
dard) respectively. The ESI source settings for the ionization
of metformin were as follows: ion spray voltages: 5000 V;
source temperature (TEM): 550°C; curtain gas (CUR): 30 psi;
nebulizer gas: 40 psi; auxiliary gas: 30 psi. The assay was fully
validated with a dynamic range of 1-2500 ng-mL™'
(r > 0.999). The concentration of the dg-metformin was
250 ng-mL™'. Analyst 1.6.1 software (Applied Biosystem/
MDS Sciex) was utilized for the instrument control, data ac-
quisition and processing. Pharmacokinetic parameters were
calculated by non-compartmental analyses using DAS 2.1.1
software (Mathematical Pharmacology Professional Com-
mittee of China, Shanghai, China).

Electrophysiological recording

In cultured neurons. GABAergic currents were recorded from
cultured hippocampal neurons using whole-cell patch-
clamp methods as previously described (Rannals and Kapur,
2011). The membrane properties and synaptic currents of
DIV 12 hippocampal neurons from these cultures have been
previously characterized. Thick-walled borosilicate patch
electrodes (World Precision Instruments, Sarasota, USA)
were pulled to a low final resistance of 3-5 MQ using a dual-
stage glass micropipette puller PC-10 (Narishige, Tokyo,
Japan). Pyramidal neurons were visually identified by their
morphology with an inverted microscope. Miniature
inhibitory postsynaptic currents (mIPSCs) were recorded at
room temperature with an EPC10 Amplifier (HEKA
Elektronik, Lambrecht, Germany) using patch electrodes
filled with a recording solution containing (in mM): 153.3
CsCl, 1.0 MgCl,, 5.0 EGTA and 10.0 HEPES, with a pH of
7.2 and an osmolarity of 290-300 mOsm. MgATP (4 mM)
was added to the intracellular solution before recording. The
external solution for the recordings contained (in mM):
146.0 NaCl, 2.5 KCI, 3.0 MgCl,, 2.0 CaCl,, 10.0 glucose and
10.0 HEPES, with a pH of 7.40 and an osmolarity of
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315-330 mOsm. Internal and external recording solutions
contained equimolar concentrations of chloride ions, and at
a clamped membrane potential of 0 mV, no GABA,
receptor-mediated mIPSCs were present. For recording
mIPSCs, glutamate receptor-mediated synaptic currents
were blocked by 50 pM D-2-amino-5-phosphonovalerate
(D-APV) and 20 uM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) in the external solution, and action
potentials were blocked by adding 1 uM tetrodotoxin
(TTX) in the external solution. Neurons were voltage-
clamped to —60 mV. The GABA, receptor antagonist
bicuculline (10 uM) was bath applied, and the elimination
of observed currents demonstrated that GABAergic currents
were recorded. mIPSCs were collected continuously for 6 min
before and 30 min after metformin (10 uM) application.
mIPSCs were analysed using the Mini Analysis Program
(Synaptosoft, Decatur, USA). Data points were obtained by
binning mIPSCs data in 2 min intervals and normalizing to
the mean of the baseline amplitude/frequency time point.

In slices. Hippocampal slices (300-350 pm thick) from 7- to
12-week-old rats were used for mIPSC recordings. Rats were
anaesthetized with pentobarbital sodium (60 mg-kg™", i.p.)
and perfused with ice-cold cutting solution (in mM: 209
sucrose, 22 glucose, 1.25 NaH,POy, 3.1 sodium pyruvate, 12
sodium L-ascorbate, 4.9 MgSO4-7H,O and 26 NaHCOs;
oxygenated with 95% O, and 5% CO,, pH 7.2-7.4). Coronal
hippocampal slices were cut by a vibrating blade microtome
(VT1000S, Leica, Wetzlar, Germany) in ice-cold cutting
solution. Slices were incubated in aCSF (in mM: 128 NacCl, 2
MgCl,, 3 KCI, 24 NaHCO3, 1.25 NaH,POy,, 10 D-glucose and
2 CaCl,; oxygenated with 95% O, and 5% CO,, pH 7.2-7 .4,
295-305 mOsm) for 1 h at 28°C and then returned to the
room temperature for recording. Patch pipettes (3-6 MQ) for
whole-cell voltage-clamp recordings were filled with
internal solution (in mM: 153.3 CsCl, 1 MgCl,-6H,0, 5
EGTA, 10 HEPES and 4 MgATP; pH 7.2, 285 mOsm). Whole-
cell recordings were obtained from the CA1l region
pyramidal cells. mIPSCs were recorded in voltage-clamp
mode (Vh = —70 mV). All data were acquired from a
Multiclamp 700B amplifier and pCLAMP 10 software (Axon
Instruments, Molecular Devices, USA) for recording mIPSCs.
Records were low pass-filtered at 2-20 kHz and digitized at
5-50 kHz. The mIPSCs were recorded in the presence of TTX
(10 uM) and CNQX; (10 uM) and D-APV (50 uM).

Immunofluorescence experiments for cultured
neurons

Assay for surface level of GABA, receptors. Hippocampal
neurons were treated with metformin (10 uM) for 60 min at
37°C. Cells on the coverslips were washed with PBS (pH 7.2)
then fixed in vitro with 4% paraformaldehyde in PBS for
20 min. The coverslips were washed three times (10 min)
with PBS, blocked with 3% normal donkey serum for
30 min at room temperature and then incubated with anti-
GABA, receptor v, subunit antibody (1:200, sc-131935,
Santa Cruz, CA, USA) overnight at 4°C. Coverslips were
washed three times with PBS and incubated with a donkey
anti-goat DyLight 594 fluorochrome-conjugated secondary
antibody (1:50, Pierce, Rockford, IL, USA) for 60 min while
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shaking at room temperature in the dark. The coverslips were
washed three times with PBS and incubated for 2 min with
Hoechst 33258 nucleic acid stain (1:5000 diluted in PBS,
Invitrogen). Finally, the coverslips were mounted on slide
glasses. All primary and secondary antibodies were diluted
in PBS containing 1% normal donkey serum.

Assay for FoxO3a nuclear translation. Hippocampal neurons
were treated with Compound C (20 uM) for 30 min before
metformin (10 pM) treatment for 15 min at 37°C. The cells
were fixed with 4% paraformaldehyde for 20 min and then
washed three times (10 min) with PBS, permeabilized with
0.3% Triton X-100 in PBS for 10 min at room temperature,
blocked with 3% normal goat serum and 0.3% Triton X-100
in PBS for 30 min and incubated overnight at 4°C with a
rabbit anti-FoxO3a primary antibody (1:200, Cell Signalling
Technologies, Beverly, MA, USA). The coverslips were
washed three times (10 min) with PBS, incubated with a
goat anti-rabbit DyLight FITC-conjugated secondary
antibody (1:50, Pierce) for 60 min while shaking at room
temperature in the dark. The coverslips were washed with
PBS and incubated for 2 min with Hoechst 33258 nucleic
acid stain (1:5000 diluted in PBS, Invitrogen). Finally, the
coverslips were mounted on slide glasses. All primary and
secondary antibodies were diluted in PBS containing 1%
normal goat serum and 0.3% Triton X-100. PBS was used as
the controls for antibody. The images were collected using
confocal laser scanning microscopy (LSM 710, Carl Zeiss,
Germany). Image-Pro Plus (Media Cybernetics) was used to
quantify the integrated OD.

Immunohistochemistry processing

After treatment with metformin (100 mg-kg*, i.p.) or saline
for 30 min, rats were anaesthetized by sodium pentobarbital
(50 mg-kg™!, i.p.) and perfused transcardially with ice-cold
PBS, followed by ice-cold PBS containing 4% paraformalde-
hyde fixative solution (Fluka, Sigma-Aldrich). The rats were
then decapitated; the brains were rapidly removed and fixed
in a solution containing of 4% paraformaldehyde for 48 h.
All tissues were cryoprotected in 25% sucrose-PBS for 48 h
and cut on a cryostat-microtome (Leica CM1900, Germany)
in 25-30 pum coronal sections. Slices were collected and stored
in six-well trays (Corning Inc., NY, USA), free-floating in PBS
supplemented with 0.12 mM sodium azide. The plates were
stored at 4°C until immunohistochemical processing.

The sections were blocked with 3% BSA (Sigma-Aldrich)
for 30 min at room temperature, washed with PBS three times
(10 min) and incubated with a goat anti- GABA, receptor v,
subunit antibody (1:200, Santa Cruz) overnight at 4°C.
Sections were then washed with PBS three times (10 min)
and incubated overnight at 4°C with a second primary anti-
body, a mouse monoclonal antibody against gephyrin
(1:200, BD Biosciences, Franklin Lakes, NJ, USA). Sections
were again washed three times (10 min) with PBS and
incubated with the daylight 594 fluorochrome-conjugated
donkey anti-goat (1:50, Pierce) and FITC fluorochrome-
conjugated donkey anti-mouse IgG (4 pg-mL~", Invitrogen)
for 60 min while shaking at room temperature in the dark.
Sections were then washed three times (10 min) with PBS.
Subsequently, sections were counterstained with Hoechst
33258 (1:5000, Invitrogen) to identify nuclei for 2 min at
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room temperature and washed three times with PBS. All pri-
mary and secondary antibodies were diluted in PBS contain-
ing 1% normal donkey serum. Fluorescence images were
acquired with a LSM710 Zeiss microscope for double staining
experiments.

Chromatin immunoprecipitation assay

FoxO3a transcription factors share the consensus DNA-
binding sequences TT(G/A)TTTTC and (C/A)(A/C)AAA(C/T)
AA in the promoters of target genes (Furuyama et al., 2000;
Obsil and Obsilova, 2011). To determine whether FoxO3a
binds directly to the promoter of the GABARAP gene or
activates its transcription by an indirect mechanism, the
chromatin immunoprecipitation (ChIP) was used to test
whether FoxO3a was associated with the putative FoxO-
binding sites in the proximal promoter regions of GABARAP.
The promoter region of the GABARAP gene contains three
putative FoxO3a binding sites: (i) CTTTGTTTTGTGT at
—491/—498, (ii) TTTTGTTTGCAACA at —655/—662 and (iii)
ATGGCAAACAGCTG at —852/-857.

Hippocampal neurons were treated with or without
metformin (10 uM) for 30 min before analysis using the
ChIP assay kit (Upstate Biotechnology, Lake Placid, NY).
Cellular chromatin was cross-linked by 4% formaldehyde
and then sheared by sonication. The soluble chromatin
was immunoprecipitated with an anti-FoxO3a monoclonal
antibody (Cell Signalling). After de-crosslinking, the immu-
noprecipitates were subjected to PCR. The relative levels of
DNA were normalized to the input DNA and expressed as a
percentage of the nontreated control. Primers for the
GABARAP promoter were designed with the Primer premier
5.0 software and the NCBI BLAST program. The sequences
used were the following: (i) forward: 5-CATAGAAGGCT
GAAGAGGAA-3' and reverse: 5-GGAGGTGCCAGGAAAG
AG-3’; (ii) forward: 5-TTGACTGGGAAGTTGACG-3' and re-
verse: 5'-ATACCATAAGACGGAGAAGAA-3'; (iii) forward:
5'-TCCGCCTGAGTCTTGAGC-3' and reverse: 5'-GTGGCA
GTCGTGAGATTTAGTT-3'.

Surface receptor cross-linking assays

Surface expression of GABA, receptor y, subunit was assayed
using the membrane-impermeable cross-linking reagent bis
(sulfosuccinimidyl) suberate (BS®) as described previously
(Boudreau and Wolf, 2005; Lu et al., 2014).

For neurons. Briefly, after pretreatment (30 min) with
metformin (10 pM), hippocampal neurons were immediately
washed twice with 1x PBS. BS® (Pierce) was added at a
concentration of 2 mM and incubated with the cells for
30 min at 4°C. The reaction was terminated by quenching
with 200 mM glycine (15 min, 4°C). The samples were then
washed three times (10 min) with PBS, collected in Eppendorf
tubes containing ice-cold lysis buffer and homogenized to
obtain the total protein homogenate and analysed directly by
8% SDS-polyacrylamide gel electrophoresis.

For CA1 tissues. After pretreatment (30 min) with saline or
metformin (100 mg-kg ' i.p.), brains were removed under
anaesthetic and were cut into coronal sections (400 pum).
The CA1 region was dissected and added to Eppendorf tubes
containing ice-cold artificial CSF (ACSF). BS® (Pierce) was



added at a concentration of 2 mM, and the tubes were
incubated for 30 min at 4°C. The reaction was terminated
by quenching with 200 mM glycine (15 min, 4°C). The
tissue was then washed four times (10 min) with ice-cold
ACSF and pelleted by brief centrifugation at 4°C (5000 g,
5 min), resuspended in ice-cold lysis buffer, homogenized to
obtain total protein homogenate and analysed directly by
8% SDS-polyacrylamide gel electrophoresis.

Coimmunoprecipitation

After drug treatments, hippocampal neurons (or CA1 tissues)
were briefly washed with ice-cold PBS (or ACSF). Protein ex-
tracts were prepared by RIPA buffer (50 mM Tris-HCI, pH =8,
with 150 mM Nacl, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) (PO013, Beyotime, Shanghai, China). Protein ex-
tracts (500-1000 pg) were then incubated with 2 ug of anti-
body to GABA, receptor y, subunit or 2 pg of IgG overnight
at 4°C with constant shaking. The antibody-bound com-
plexes were incubated with Protein A/G agarose (sc-2003,
Santa Cruz) for 2 h at 4°C. The protein-bound beads were
washed in RIPA buffer three times (10 min) and pelleted by
centrifugation for 3 min at 885x g. The beads were resus-
pended in 2x SDS sample buffer, and the immune complexes
were eluted by boiling at 95°C for 5 min. Total and
immunoprecipitated proteins were separated by electropho-
resis on 15% SDS-PAGE gels and transferred onto nitrocellu-
lose membranes. The blots were probed with antibodies to
GABARAP (Novus, Cambridge, MA, USA) diluted to 1:2000.

Western blot analysis. Western blot was performed according
to a protocol used earlier (Li et al., 2018). Briefly, the cell and
tissue extracts were prepared in RIPA buffer containing
PMPS and protease inhibitors (v/v/v: 98:1:1) on ice for
30 min. Cell lysates were centrifuged at 12 000x g for 20 min
at 4°C and assayed protein content with a BCA protein assay
kit (Pierce); 30 pg of total protein were separated by 8-15%
SDS-PAGE, transferred to nitrocellulose membranes, blocked
with 5% BSA, incubated with antibody (diluted in 1% BSA)
overnight at 4°C, incubated with secondary antibody
(diluted in 1% BSA) for 1 h at room temperature after
washed and analysed by Western blot using the ECL method
(Pierce). We used primary antibodies against the following:
AMPK (2532, 1:1000, Cell Signalling), p-AMPK (Thr172,
2535, 1:1000, Cell Signalling) and FoxO3a (2497, 1:1000,
Cell Signalling); GABARAP (NBP1-95588, 1:1000, Novus)
and GABAAR vy, (NB300-190, 1:1000, Novus); GABA,
receptor ol (ab33299, 1:1000, Abcam, MA, USA); GABA
receptor a, (ab72445, 1:1000, Abcam); GABA, receptor
B2 (ab8340, 1:1000, Abcam); GABAg, (ab52248, 1:500,
Abcam); GluAl (ab31232, 1:1000, Abcam); GluA2
(ab20673, 1:500, Abcam); anti-GluN2B (ab65783, 1:1000,
Abcam); anti-mGluR5 (ab76316, 1:5000, Abcam); GAPDH
(sc-365062, 1:2000, Santa Cruz). Protein levels were
quantified by using the image analysis software ImageJ
(Version 1.46, NIH, Maryland, USA).

Data and statistical analysis

The data and statistical analyses comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). The data were analysed by an
investigator blinded to the experimental conditions. Each
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in vitro experiment was conducted independently at least
three times, and more than five animals per group were
needed for in vivo experiment. All data were expressed as the
means + SEM. The statistical analyses were performed using
SPSS 13.0 software. All data obtained from our experiments
conformed to normal distribution as determined by
Kolmogorov-Smirnov test. Potential differences between
the mean values were evaluated using one-way or two-way
ANOVA and followed by Bonferonni post hoc test. Indepen-
dent sample f-tests were used to compare differences between
any given two groups throughout the study, unless otherwise
specified. P < 0.05 was considered to be statistically significant.

Materials

D-APV, CNQX, bicuculline, TTX and metformin were pur-
chased from Sigma-Aldrich (St. Louis, USA). Diazepam was
obtained from JiChuan pharmacology (Jiangsu, China).

Nomenclature of taigets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c).

Results

Metformin rapidly ameliorates the anxiety-like
behaviour in rats

We administered metformin (50, 100, and 200 mg-kg*, i.p.)
for 30 min and found that a dose of 100 mg-kg™" displayed a
robust anxiolytic effect as defined by increased duration in
the centre square in the open field test (OFT, Figure 1A,B)
when compared with saline-treated rats but without affecting
locomotor activity (Figure 1C). These effects of metformin on
behaviours were comparable to that of diazepam, which is a
typical anxiolytic drug and was used as a positive control
(Figure 1D-F). Furthermore, in the elevated plus maze (EPM)
test, metformin (100 mg-kg™", i.p. 30 min) increased the per-
centage of time spent in the open arms (Figure 1G,H) and to-
tal distance travelled (Figure 1G,I). However, when rats were
treated with 200 mg-kg ' of metformin for 30 min, they
displayed lower centre duration and locomotor activity, indi-
cating that metformin at this dosage might induce sedative
effects in rats (Figure 1B,C). Taken together, these results sug-
gest that metformin has a therapeutic potential for the rapid
relief of anxiety disorders.

Next, we wondered whether metformin, like diazepam,
could also easily induce tolerance during chronic treat-
ment. In the OFT and EPM test, metformin (100 mg-kg™*,
i.p., 30 min) significantly increased the time spent in the
centre square (Figure 1J) and duration (Figure 1K) in open
arms on day 1, and this effect was fully retained and even
increased after 14 days of repeated treatment, whereas tol-
erance was observed in diazepam-treated rats after 14-days
treatment (Supporting Information Figure S1). Moreover,
100 mgkg ' metformin had no effect on locomotor
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Figure 1

Metformin produces anxiolytic-like effects in rats. (A—C) During the OFT, metformin-treated (100 mg-kg ',
in centre duration (B) but unchanged locomotor activity (C) (saline: n = 9; metformin 50 mg-kg
i.p.) of rats also enhanced the duration (E) in the centre square but not the locomotor activity
i.p.) rats displayed a significantly greater percentage of duration

n=9). (D-F) Diazepam treatment (1 mg-kgq,
(F) (n=6 per group). (G-1) During the EPM, the metformin-treated (100 mg kgq,

:n=9;100 mg-kg

i.p.) rats showed a significant increase
' n=11; 200 mg-kg™'

in the open arm (H) and longer distance (I) (n =12 per group). (J-K) Both single and chronic (14 days) metformin treatment displayed anxiolytic-
like effect on OFT (J, day 1: n=11; day 14: n =10 per group) and EPM (K, day 1: n=8; day 14: n =7 per group). (L) No significant differences
among groups were found in total travelled distance in OFT (n = 10 per group). Data are expressed as means + SEM. One-way ANOVA followed
by Bonferroni post hoc test,*P < 0.05, significantly different from control.

activity (Figure 1L) and blood glucose level (Supporting
Information Figure S2A,B) at days 1 and 14 and did not
affect the EEG and working memory of rats (Supporting

Information Figure S2C,D). We also found that metformin
(100 mg-kg™', i.p., 30 min) promoted contextual fear
memory but not cue fear memory (Supporting Information
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Figure S2E). These results suggest that metformin is not
prone to induce tolerance, and its therapeutic effect is not
mediated by a general inhibitory effect.

Metformin increases the surface expression of
GABA 4 receptors and inhibitory synaptic
transmission in cultured rat hippocampal
neurons
To explore the mechanism(s) underlying the anxiolytic ef-
fects of metformin, we sought to determine whether metfor-
min could cross the blood-brain barrier. Figure 2A shows
the time-concentration curve of metformin in the hippocam-
pus after a single i.p. injection of 100 mg-kg~' metformin. It
reached a peak concentration (7.4 £ 3.3 pM) in the hippocam-
pus at 15 min after administration, demonstrating a rapid dis-
tribution of metformin throughout the hippocampus from
the systemic circulation, indicating that it can readily pene-
trate the blood-brain barrier. The pharmacokinetic parame-
ters in the hippocampus, plasma and CSF are shown in
Supporting Information Figure S3 and Table S3. In order to
examine the mechanism of the anxiolytic effect of metfor-
min, a concentration of 10 uM (near the peak concentration
in the hippocampus) was applied in the in vitro experiments.
Increasing evidence shows that redistribution of GABA4
receptors is involved in some forms of inhibitory synaptic
plasticity. Over 90% of GABA, receptors include the y, sub-
unit, which is the most abundant GABA, receptor subunit
in the CNS (Smith and Rudolph, 2012). To examine whether
metformin had an effect on GABA, receptor redistribution,
immunofluorescence analysis was performed in cultured hip-
pocampal neurons under non-permeabilizing conditions.
Treatment with metformin (10 puM) for 30 min induced a sig-
nificant increase in the numbers of surface puncta of the
GABA, receptor y, subunit (Figure 2B). Furthermore, we dem-
onstrated that the bis (sulfosuccinimidyl) suberate (BS?)
cross-linking assay was suitable for GABA, receptors in
cultured hippocampal neurons (Supporting Information
Figure S4A). Incubation with metformin (10 uM, 30 min)
increased the surface expression of the GABA, receptor y,
subunit in hippocampal neurons (Figure 2C). However, the
total amount of GABA, receptor y, subunit and the surface
level of excitatory glutamate receptors remained unchanged
(Figure 2D and Supporting Information Figure S4B). These re-
sults were also supported by electrophysiological experiment.
The patch-clamp recording showed that bath application of
metformin (10 uM) for 30 min induced a significant increase
in the average amplitude (Figure 2F,H) and frequency
(Figure 2G,I) of mIPSC (Figure 2E) in cultured hippocampal
neurons. Taken together, these findings indicate that metfor-
min increased the inhibitory neurotransmission in cultured
hippocampal neurons.

Metformin-induced membrane insertion of
GABA 4 receptors is mediated by increasing
GABARAP expression and its interaction with
GABA 4 receptor y, subunit

As metformin induced a redistribution of GABA, receptors,
we next explored the mechanism underlying the increase in
the surface expression of GABA 4 receptors induced by metfor-
min. Previous studies have shown that GABARAP plays a
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central role in the trafficking of GABA, receptors in cultured
neurons (Leil et al., 2004; Marsden et al., 2007; Luscher
et al., 2011a). Thus, we speculated that GABARAP might be
involved in the metformin-induced increase in surface
expression of GABA, receptors . As shown in Figure 3A,B,
metformin (10 pM, 30 min) increased the expression of
GABARAP without affecting the total amount of GABA, re-
ceptor y, subunit and increased the interaction between the
GABA, receptor v, subunit and GABARAP (Figure 3C). When
the neurons were pretreated with the cell-permeable TAT-
conjugated peptide for 30 min to disrupt the interaction
between GABARAP and GABA, receptors , the surface levels of
GABA, receptors induced by metformin were markedly de-
creased (Figure 3D,E), without affecting the basal expression of
surface GABA, receptors (Supporting Information Figure S6E).

FoxO3a is involved in the metformin-induced
increase in the surface expression of GABA 4
receptors

GABARAP is initially identified as a molecular chaperone for
GABA, receptors (Wang et al., 1999). In addition, GABARAP
also belongs to the Atg8 (autophagy-related protein 8) family,
which includes LC3B, GABARAPL1 and GATE-16, and it is
critical for autophagosome biogenesis and maturation (Chen
and Olsen, 2007; Weidberg et al., 2010). Increasing evidence
indicates that FoxO3a is a major player in the transcriptional
regulation of autophagy-related genes, including GABARAP
(Mammucari et al., 2007; Chiacchiera and Simone, 2010).
Therefore, we asked whether FoxO3a regulated GABARAP
transcription in neurons as well. Consistent with previous
studies, the expression of FoxO3a protein was increased after
metformin (10 pM, 30 min) treatment (Figure 3A,B). The
ChIP assay was used to test whether FoxO3a was associated
with the putative FoxO-binding sites in the proximal pro-
moter regions of GABARAP (Furuyama et al., 2000; Obsil
and Obsilova, 2011). The results from a ChIP assay with the
FoxO3a antibody showed that FoxO3a strongly bound to site
3 (Figure 4A). Importantly, the binding of FoxO3a to the
GABARAP promoter was significantly increased by metfor-
min treatment (Figure 4B), suggesting that FoxO3a may me-
diate metformin-induced GABARAP transcription by a direct
mechanism. Further, short hairpin RNA FoxO3a (shRNA-
FoxO3a) was used to silence FoxO3a expression (Figure 4C).
We found that shRNA-FoxO3a prevented metformin-
induced up-regulation of GABARAP expression as well as the
surface level of GABA, receptors (Figure 4D,E). Therefore,
our results strongly suggest that FoxO3a plays a critical role
in metformin-induced GABARAP expression and insertion
of GABA, receptors into the neuronal cell membrane.

AMPK is required for metformin-induced
FoxO3a activation and membrane insertion of
GABA 4 receptors

Metformin has been demonstrated to activate the AMPK sig-
nalling pathway, which is involved in FoxO3a activation
(Greer et al., 2007; Chiacchiera and Simone, 2010; Sato
et al., 2012). We found that metformin increased the phos-
phorylation of AMPK in cultured hippocampal neurons
(Figure 3A,B). The immunofluorescence results showed that
the AMPK inhibitor Compound C (20 pM, preincubated for
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Figure 2

Metformin increases the surface expression of GABA, receptors and inhibitory synaptic transmission in cultured hippocampal neurons from rats.
(A) The mean concentration of metformin in the hippocampus of rats after a single intraperitoneal injection (100 mg-kg ') (n = 6 per group). (B)
Immunofluorescence analysis showing that metformin (10 pM) significantly increased the surface expression of GABA4 receptor y, subunit (red) in
cultured hippocampus neuron. Hoechst 33258 (blue). Scale bars: 20 um. n =10 per group. (C-D) Metformin (10 pM, 30 min) significantly in-
creased the surface expression of GABA, receptor v, subunit of hippocampal neurons (C) but not the total expression of the protein (D) (n=5
per group). (E-G) Representative traces of mIPSCs (E), cumulative plots of mIPSCs amplitude (F) and inter-event interval (G) in cultured hippocam-
pal neurons during the application of 10 uM metformin. (H-I) Bar plot summary showing metformin significantly increased the amplitude (H) and
frequency (I) of mIPSCs (n = 10 per group). Data are expressed as means + SEM. *P < 0.05, significantly different from control.

30 min) significantly blocked the metformin-induced nuclear
translocation of FoxO3a (Figure 5A,B). Pretreatment with the
AMPK inhibitor Compound C blocked metformin-induced
the increase in GABARAP expression (Figure 5C) and the sur-
face expression of GABA, receptors (Figure 5D). We also
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found that the shRNA-AMPKa, reduced AMPKa, protein
expression (Figure SE) and inhibited metformin-induced
increase in the expression of FoxO3a (Figure 5F), GABARAP
(Figure 5G) and the surface level of GABA, receptors
(Figure 5H). Taken together, these results suggest that the
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Figure 3

Metformin-induced increase in surface expression of GABA, receptors is mediated by elevated expression of GABARAP and its interaction with
GABA, receptor v, subunits in cultured hippocampal neurons. (A-B) Western blot analysis showed that metformin (10 pM, 30 min) significantly
increased the protein expression of p-AMPK, FoxO3a, GABARAP. (C) Co-IP showed that metformin enhanced the binding of GABA, receptor v, to
the GABARAP, without affecting the total GABA, receptor v, subunits. (D-E) The GABARAP inhibitory peptide (TAT-GABARAP) pretreatment
inhibited the surface expression of GABA, receptor v, subunits induced by metformin. Data are expressed as the means + SEM. n = 6 per group,

one-way ANOVA with Bonferonni post hoc test. *P < 0.05, significantly different from control;

peptide.

activation of AMPK by metformin increased FoxO3a
transcription activity and facilitated the translocation of
GABA, receptors to the neuronal cell surface.

The membrane insertion of GABA 4 receptors by
the AMPK-FoxO3a-GABARAP pathway
contributes to metformin-induced
anxiolytic-like behaviours

Our in vitro study determined the mechanism by which met-
formin increased the surface expression of GABA4 receptors
in cultured hippocampal neurons. Next, we examined
whether the mechanism of the membrane insertion of
GABA, receptors was also involved in metformin-induced
anxiolytic-like behaviours. As shown in Figure 6A, metformin
(100 mg-kg ™, i.p., 30 min) led to a significant increase in the
density of the GABA, receptor y, subunit cluster in the dorsal
hippocampal CA1 region when compared with saline-treated
rats (Figure 6B). Using tagged gephyrin as a marker of inhibi-
tory synapses, we found that the puncta sizes of gephyrin
were larger in metformin-treated rats than that in saline-
treated rats (Figure 6C). Also, the colocalization between the
GABA, receptor y, subunit and gephyrin was increased in
metformin-treated rats (Figure 6D). Furthermore, the patch-

#P < 0.05, significantly different from TAT-scramble

clamp recordings showed that metformin increased the am-
plitude and frequency of mIPSCs in the dorsal hippocampal
CA1 regions (Figure 6E-G and Supporting Information
Figure S6A,B). In addition, the changes in surface expression
of GABA, receptors induced by metformin in vivo were
investigated by BS® cross-linking assay. When compared with
saline treatment, metformin (100 mgkg ', i.p., 30 min)
induced an increase in protein abundance of the GABA,
receptor y, subunit in the surface pool of dorsal hippocampal
CA1 region (Figure 6H,I). However, the total amount of the
GABA, receptor v, subunit remained unchanged (Figure 6]).
Metformin also improved membrane trafficking of the
GABA, receptor a; and a, subunits but without effects on
GABAg receptor subunit 2 (GABAg;) and glutamate receptor
subunits (Supporting Information Figure S5A,B). These re-
sults suggest that metformin produces a rapid onset of anxio-
lytic effects, via increasing the amplitude and frequency of
mIPSCs in the dorsal hippocampal CA1 region.

Consistent with in vitro experiments, we found that met-
formin activated the AMPK-FoxO3a-GABARAP signalling
pathway in the dorsal hippocampal CA1 region (Figure 7A).
Additionally, the coimmunoprecipitation between GABA, re-
ceptor v, subunit and GABARAP was increased by metformin
(Figure 7B). Furthermore, intracranial injection of rats with
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with shRNA-FoxO3a showed a decrease in the FoxO3a protein expression (n = 3 per group). (D-E) Western blot analysis revealing that shRNA-
FoxO3a significantly prevented metformin-induced expression of GABARAP (D) and the surface expression of GABA, receptor y, subunits (E) in
neurons (n = 6 per group). Data are expressed as the means + SEM., one-way ANOVA with Bonferonni post hoc test, *P < 0.05, significantly

different from control; p< 0.05, significantly different from shRNA.

the TAT-conjugated peptide that designed to disrupt the
GABARAP- GABA, receptor interaction in the dorsal hippo-
campal CA1 region effectively prevented the increase in cen-
tre duration (Figure 7C,D) and the amplitude and frequency
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of mIPSCs (Supporting Information Figure S6C,D) induced
by metformin, without affecting the basal anxiety-like behav-
iours (Supporting Information Figure S6F,G), indicating that
the anxiolytic-like effects of metformin require an increased
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Figure 5

AMPK is involved in metformin-induced activation of FoxO3a signalling pathway. (A-B) Representative confocal images (A) and quantitative anal-
ysis (B) showing that Compound C (20 pM) inhibited metformin-induced (10 uM, 15 min) nuclear translocation of FoxO3a (green) (n =12 per
group). The merged image showing colocalization. Hoechst 33258 (blue). Scale bars: 20 pm. (C-D) Western blot showing that Compound C
was sufficient to inhibit metformin-induced increase in the expression of GABARAP (C) and the surface expression of GABA, receptors (D).
n = 6 per group. (E) Hippocampal neurons transfected with shRNA-AMPKa, displayed a decrease in protein expression (n = 3 per group). (F-H)
Western blot analysis showing that shRNA-AMPKa,, significantly prevented metformin-induced increase in the expression of FoxO3a (F), GABARAP
(G) and the surface expression of y,-containing GABA, receptors (H). n = 6 per group. Data are expressed as the means + SEM. One-way ANOVA
with Bonferonni post hoc test. *P < 0.05, significantly different from control, *P < 0.05, significantly different from Compound C or shRNA.
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Figure 6

Metformin increases the surface expression of GABAAR v, subunits and mIPSCs in rat hippocampal CA1 region in vivo. (A-C) Representative con-
focal images (A) and quantitative analysis showing that metformin (100 mg-kg ', i.p. 30 min) treatment markedly increased the surface intensity
of y,-containing GABA, receptors (red, B), the receptor anchoring protein gephyrin (green, C) and the overlapping puncta (D) in the dorsal hip-
pocampal CAT region. n =5 per group. Scale bars: 20 um. (E) Representative traces of mIPSCs before (control) and after application of 10 uM
metformin on hippocampal CAT slice. (F-G) Representative cumulative Plots of mIPSC amplitude (F) and inter-event interval (G). n = 10 per
group. (H-J) Western blot analysis showing that metformin (100 mg-kg ', i.p. 30 min) treatment increased the surface expression of GABA, re-
ceptor y; subunits () and unaffected the total GABA, receptor v, subunlts level (J) in the hippocampal CA1 region. n =5 per group. Data are
expressed as means = SEM. *P < 0.05, significantly different from control group.
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Figure 7

AMPK-FoxO3a-GABARAP pathway in the dorsal CA1 region is involved in the anxiolytic effect of metformin. (A) Western blot analysis showing that
metformin (100 mg-kg ', i.p., 30 min) treatment significantly increased the expression of p-AMPK, FoxO3a, GABARAP (11 = 6 per group). (B) Co-IP
analysis showing that metformin increased binding of GABARAP to GABA, receptor v, subunits without affecting the total expression of GABA,
receptor v, subunits (n = 6 per group). (C) Distribution of 5-TAMRA (red) fluorescent-labelled TAT-conjugated peptide in the dorsal hippocampal
CA1 region. Scale bar: 50 um. (D) In the OFT test, intracranial injection of TAT-conjugated peptide effectively prevented the increase in central
duration induced by metformin (n =9 per group). (E) Intracranial injection of shRNA-AMPKa, effectively decreased the central duration induced
by metformin (control: n = 9 per group; shRNA-control: n = 6 per group; shRNA-AMPKa,: n = 8 per group). (F) Intracranial injection of shRNA-
FoxO3a effectively decreased the central duration induced by metformin (control: n = 10 per group; shRNA-control: n = 7 per group; shRNA-
FoxO3a: n=10 per group). Data are expressed as means £ SEM. One- or two-way ANOVA with Bonferonni post hoc test. *P < 0.05, significantly
different from control, p< 0.05, significantly different from shRNA-control or TAT-scramble.

interaction between GABARAP and GABA, receptor vy, sub- Discussion

units. Moreover, intracranial injection of shRNA-AMPKa,

(Figure 7E) and shRNA-FoxO3a (Figure 7F) prevented the The findings presented here demonstrate, for the first
metformin-induced anxiolytic-like behaviour in rats. time, that the widely used antidiabetic drug metformin

British Journal of Pharmacology (2019) 176 297-316 311



m ] Fan et al.

displays a rapid onset of anxiolytic-like effects via up-
regulation of the surface expression of GABA, receptors .
AMPK plays a critical role in metformin-induced activa-
tion of FoxO3a transcriptional activity, leading to the in-
crease in GABARAP expression, which is central to the
membrane insertion of GABA, receptors. These results de-
fined a distinct role of metformin in orchestration of the
efficacy of GABAergic synaptic transmission and raise the
possibility that metformin may be used as a new treat-
ment for anxiety disorders.

Metformin exerted anxiolytic effect without
tolerance by enhancing postsynaptic
accumulation of GABA 4 receptors in the cell
membrane

The therapeutic approaches to treat anxiety disorders in ani-
mal studies or in clinical trials have focused primarily on
the activator of GABA, receptors, such as the benzodiaze-
pines. These drugs are commonly prescribed with major clin-
ical significance, but the development of tolerance restricts
their clinical use and has encouraged a search for other mech-
anisms of anxiety disorder for several decades. Treatment
with the GABA, receptor agonist muscimol in Caenorhabditis
elegans resulted in selective removal of these receptors from
synapses during adaptation to muscimol (Davis et al., 2010).
A recent report indicates that in cultured hippocampal neu-
rons, flurazepam exposure enhances degradation of GABA,
receptors after their removal from the plasma membrane,
leading to a reduction in inhibitory synapse size and number
along with a decrease in the efficacy of synaptic inhibition
(Jacob et al., 2012). The results provide a mechanism for ini-
tial adaptations after treatment with benzodiazepines. Here,
we demonstrated that metformin potentiated inhibitory syn-
aptic transmission via enhancing postsynaptic accumulation
of GABA, receptors in the cell membrane, which was a mech-
anism different from that of the benzodiazepines. Mean-
while, our in vivo studies indicate that chronic treatment
with metformin did not induce tolerance, in clear contrast
to the classical anxiolytic, diazepam. This reduction in drug
tolerance may be due to exocytosis of GABA, receptors,
rather than the endocytosis and degradation of GABA, recep-
tors induced by benzodiazepines (Jacob et al., 2012).

GABARAP mediates the anxiolytic effect of
metformin by regulating the surface expression
of GABA 4 receptors

Several studies have demonstrated that GABARAP enhances
the surface expression of y,-containing GABA, receptors in
both heterologous expression systems and cultured hippo-
campal neurons (Kawaguchi and Hirano, 2007; Marsden
etal., 2007). However, the GABARAP knockout mouse is phe-
notypically normal and exhibits no effects on synaptic
puncta of GABA, receptors, suggesting the possibility that
GABARAP plays little role in maintaining basal surface levels
of GABA, receptors but merely accelerates or promotes trans-
portation of intracellular GABA, receptors to the plasma
membrane (O’Sullivan et al., 2005). In addition, GABARAP
has also been characterized as a mammalian homologue of
the yeast Atg8 and critically involved in autophagy (Tanida
et al., 2003; Weidberg et al., 2010). However, there is little
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endogenous GABARAP lipidation during autophagy in the
rat brain, suggesting that GABARAP is involved in cellular
functions other than autophagy in the brain (Koike et al.,
2013). We found that GABARAP mainly facilitated the
activity-dependent translocation of GABA, receptors from
intracellular compartments to the somatodendritic plasma
membrane in neuron. A TAT-conjugated peptide delivered
to CA1 region further demonstrated that GABARAP may facil-
itates membrane insertion of GABA, receptors and thus lead
to the anxiolytic effects of metformin. However, further study
is required to determine whether the amygdala and other re-
gions of hippocampus (such as CA3 and DG) that are in-
volved in the regulation of anxiety, are also involved in the
anxiolytic effect of metformin.

Metformin improves anxiety-like behaviour via
AMPK activation, which is independent of its
Slucose-lowering effects

Metformin is a widely used drug for treatment of Type 2 dia-
betes. The maximum therapeutic dose of metformin in a 70
kg man is approximately 35 mg-kg '-day ! (Kinaan et al.,
2015). Increasing evidence suggests that AMPK activation is
required for inhibitory effect of metformin on glucose pro-
duction and stimulates glucose uptake (Zhou et al., 2001;
Abbasi etal., 2004). Our results showed that a sub-therapeutic
dose of metformin (100 mgkg ', approximately 15.9
mgkg '-day ') significantly reduced the anxiety-like
behaviours in rats by activation of AMPK, independent of
its glucose-lowering effects. Kuramoto and colleagues
favoured the idea that AMPK activation was neuroprotective,
which may be attributed to the increased function of GABAg
receptors to reduce excitotoxicity and thereby promoted
neuronal survival (Kuramoto et al., 2007). However, there is
no evidence for a relationship between AMPK and GABA,
receptor-mediated synaptic transmission. Here, our study
revealed that metformin, an AMPK activator, robustly
increased the membrane trafficking of GABA, receptors and
facilitated inhibitory synaptic transmission in neurons,
which provided a new and potential pharmacological
approach to treat GABAergic deficits in mood disorders.

Metformin can improve both the prima
anxiety disorder and the anxiety-like behaviour
secondary to other disorders

Sarkaki ef al. found that pretreatment with metformin for 2-
weeks improved anxiety-like behaviour, following global ce-
rebral ischaemia model, through increasing autophagy
(Sarkaki et al., 2015). Meanwhile, metformin had an anxio-
lytic effect and improved sensorimotor scores after focal is-
chaemia in a diabetic rat model (Prakash ef al., 2013). These
results suggest that metformin could relieve anxiety-like be-
haviour secondary to cerebral ischaemia, with or without di-
abetes, which may be related to the neuroprotective effect
of metformin on cerebral ischaemia. Whether or not metfor-
min could relieve the primary anxiety disorder remains
largely unknown. Interestingly, in our study, we found that
metformin (100 mg-kg ', ip. 30 min) could reduce
anxiety-like behaviour in both OFT and EPM assays, suggest-
ing that metformin could rapidly improve the primary anxi-
ety disorder. In previous studies, the dose of metformin



(200 mg-kg~'-mL™" i.p. for 14 days or 300 mg-kg™'-day~' in
drinking water for 5 days) used to relieve anxiety-like behav-
iour secondary to the cerebral ischaemia or diabetes was
higher than that in our study (100 mg-kg™!, i.p. for 30 min)
(Prakash et al., 2013; Sarkaki et al., 2015). This discrepancy
may be due to the difference between primary diseases. The
anxiolytic effects may only be achieved when the underlying
diseases are improved, indicating that the neuroprotective ef-
fect of metformin is responsible for the behavioural and emo-
tional revival following global cerebral ischaemia. However,
in the present study, the rapid relief, induced by metformin,
of anxiety was attributed to the increase in the trafficking of
GABA, receptors to the cell membrane, thus facilitating in-
hibitory synaptic transmission, which is a novel mechanism
of the action of metformin.

° e e
A CHAC R

Figure 8

Mechanisms of metformin-induced membrane trafficking GABAARs
in hippocampal neurons. (A) Under the baseline condition, AMPK is
involved in FoxO3a activation that directly binds to the promoter re-
gion and induces the expression of GABARAP; endogenous GABARAP
interacts with GABAARs and contributes to the regulation of mem-
brane insertion of GABARs. (B) When treated with metformin, AMPK
is activated rapidly and then increases FoxO3a expression and nu-
clear translocation, which leads to endogenous GABARAP expression
and facilitates its interaction with GABA4Rs. This will result in an in-
crease in surface expression of GABAsRs and facilitate miniature in-
hibitory currents.
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The high dosage of metformin may produce
sedative-like effect

In our study, high dosage of metformin prominently reduced
the locomotor activity during the OFT, suggesting that met-
formin may have sedative properties at higher doses. The sed-
ative and anxiolytic-like actions of diazepam are mainly
mediated by o; (McKernan et al., 2000) and a, (Low et al.,
2000) containing GABA, receptors respectively. In addition
to the vy, subunit, we also found that the anxiolytic dose of
metformin increased the expression of the a; and o, subunit
in the plasma membrane, which supported the anxiolytic ef-
fect of metformin, as well as explaining the effects of high
dose metformin on behaviours during OFT. In order to guide
clinical use of metformin to treat anxiety disorders in the fu-
ture, further studies will be necessary to define the detailed
mechanism of the sedative effect of metformin.

In conclusion, we have been able to show that one of the
most widely used oral hypoglycaemic drugs, metformin, can
promote the membrane insertion of GABA4 receptors in neu-
rons via activating the AMPK-FoxO3a-GABARAP signalling
pathway, thus enhancing neurotransmission at inhibitory
synapses and, finally, producing a rapid anxiolytic effect,
without tolerance (Figure 8). Our results raise the possibility
that this decades-old antidiabetic drug could be used to treat
anxiety disorders. The safety of metformin has long been
established in humans and, most importantly, our results
may provide an alternative to diazepam, the most frequently
used anxiolytic agent in clinical practice. Because GABAergic
deficits are essential to the aetiology of neuropsychiatric dis-
orders, such as major depressive disorder (Luscher et al.,
2011b), bipolar disorder (Craddock et al., 2010) and schizo-
phrenia (Charych et al., 2009), our work may provide a prom-
ising new use for an old drug, metformin, in the treatment of
neuropsychiatric disorders via regulation of GABA, receptor
trafficking to the neuronal cell membrane.
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Figure S1 The tolerance is observed in diazepam-treated rats
after 14-day administration. The rats were treated with vehi-
cle or diazepam (1 mg-kg ™", i.p.) for single (30 min) or succes-
sive 14 days injection and the anxiety-like behavior was
evaluated in the open field test. Data are expressed as the
means * s.e.m. *P < 0.05. *P < 0.05, one-way ANOVA with
Bonferonni post hoc test.

Figure S2 The effect of metformin on blood glucose, electro-
encephalogram, working memory and fear conditioning of
rats. (A-B) There are no significant differences in the blood
glucose in saline and metformin-treated (100 mg-kg™*, i.p.)
rats for single or successive 14 days injection (n = 10). (C) Rep-
resentative EEG trace before and after metformin treated, and
bar plot summary showing the effect of metformin on elec-
troencephalogram (EEG) of rats (n = 5 per group). (D) The
effect of Single administration with metformin (100
mgkg ', i.p.) on working memory was evaluated in T-maze
test (n =10 per group). (E) Rats treated with metformin (100
mg-kg™!, i.p, 30 min) were performed fear conditioning train-
ing, 24 h later, contextual- and cue-induced fear memory
were test (n = 10 per group). Data are expressed as the means
+s.e.m. *P < 0.05 compared with control.
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Figure $3 The mean concentration of metformin after acute
intraperitoneal administration (100 mg-kg ') in plasma
(A) and cerebrospinal fluid (B). n=6.

Figure $4 Metformin has no effect on excitatory glutamate
receptors membrane trafficking in cultured neurons. (A) A
representative B-actin and y2 subunit of GABAAR immuno-
blot from hippocampal neurons treated with bis
(sulfosuccinimidyl) suberate (BS®) or vehicle control (Con).
(B) Western blot analysis showing no significant difference
in surface level of GluAl-containing AMPARs between two
groups. Data are expressed as means + s.e.m. n=3.

Figure S5 The effect of metformin on the expression of
GABA receptor and glutamate receptor subunits in dorsal hip-
pocampal CA1 region. (A) Metformin induced an increase in
protein abundance of the GABA,R «; and o, subunit and
had no effects on total amount of GABAAR «; and o, subunit.
(B) Metformin did not affect the surface and total expression
of GABAjp, and glutamate receptor subunits. Data are
expressed as means + s.e.m. n=5. *P < 0.05 compared with
control.

Figure S6 The effect of GABARAP inhibitory peptide on
mIPSCs induced by metformin and the basal inhibitory trans-
mission. (A-B) Bar plot summary showing metformin induces
a significant increase the amplitude and frequency of mIPSCs
in the dorsal hippocampal CA1 region (n = 10 per group).
(C-D) The GABARAP inhibitory peptide prevents the increase
mIPSCs induced by metformin in the dorsal hippocampal
CA1 region (n = 4 per group). (E-F) The GABARAP inhibitory
peptide did not affect the basal surface expression of GABA,R
in cultured neurons (E n = 3 per group), the basal anxiety-like
behavior (F, n =9 per group) and locomotor activity (G, n=9
per group) in the open field test. Data are expressed as the
means * s.e.m. *P < 0.05 compared with control.

Table S1 The numbers (n) of rats for each group in in vivo
study.

Table S2 The numbers (n) for each group in in vitro study.
Table S3 Pharmacokinetic parameters of metformin (100
mg-kg ™', i.p.) in rats.
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